We have calculated X-ray production at ... 6.8 keV by the 2p to is transition in fast hydrogen-and helium-like iron ions, following both electron capture to excited levels and collisional excitation.
I. INTRODUCTION
A flux of fast subrelativistic ions in a medium can produce line emission in both the X-ray and the -y-ray regions. This paper is concerned with the production of the 'Lines of the 2p to is transitions in hydrogenand helium-like iron ions (at,.. 6.8 keV) , and with the comparison of these lines with the strong y-ray line at 4.44 MeV resulting from the nuclear deexcitation of 12C. The 2p to is transitions in more abundant species such as C, N and 0 give rise to less energetic X-ray photons, which subsequently suffer interstellar absorption.
The X-ray calculations presented in this paper are similar to those of Pravdo and Boldt (1915) who have treated X-ray line produc--3-tion from energetic oxygen nuclei in the interstellar medium. Watson (1975) has calculated the multiplicities of X-rays produced by fast iron and oxygen nuclei interacting with ambient hydrogen, but as we shall show, interstellar oxygen and iron, and not hydrogen, are the main contributors to electron capture by fast iron ions. By using improved cross sections for charge exchange and excitation, we have carried out a detailed calculation of X-ray line production from fast ions moving through an ambient medium with solar system abundances.
Astrophysical Y-ray line production has been investigated by Ramaty, Kozlovsky and Lingenfelter (1975) and Ramaty, Kozlovsky and Suri (1977) for solar flares, and by Meneguzzi and Reeves (1975) and Lingenfelter and Ramaty (1977) for the interstellar medium. By combining these results with the calculated X-ray line emission, we evaluate ratios of the X-ray and Y-ray line intensities. These can be used to set limits on the expected Y-ray line emission from various source regions for which X-ray observations are available. We note that iron line emission has been observed from several sources (Pravdo et al. 1976 , Mitchell et al. 1976 , Serlemitsos et al. 1977 but this emission is likely to be thermal" Thus, only upper limits are available at the present time on the intensity of the... 6.8 keV line from nonthermal particles.
II. X-RAY PRODUCTION a) Charge Exchange, Excitation and Ionization Cross Sections
We consider energetic (about 1 to 300 MeV/amu) Fe ions moving through an ambient medium with solar abundances (Cameron 1973, -4- except for the abundance of He for which we use the results of Brown and Lockman 1976) , The 2p to is transitions in such ions having one or two bound electrons give rise to Ka X-rays at 6.9 and 6.7 keV, respectively. Because of Doppler broadening, however, these 2 lines merge into a broad feature centered at about 6.8 keV.
For bare nuclei, the 2p state can be populated by charge exchange with ambient atoms; for ions having one electron, the 2p state can be populated by charge exchange or excitation; and for ions having 2 electrons, the 2p to is transition can only occur following excitation.
The method for calculating the charge exchange cross-sections for bare Fe nuclei, a refinement of the OBK approximation, is described in the appendix. The results at five energies, tabulated by the species of target atom, are shown in Table 1 . The three rows for each target element give the capture cross sections to any state which subsequently deexcites to the ls, 2p and 2s levels, respectively. The charge exchange cross sections which lead to electrons in the 2p level are shown in Figure 1 as functions of the temperature of the ambient medium for the 5 energies given in Table 1 . At low temperatures (< 5x10 5K) these cross sections are the same as those given in Table 1 . The cross sections decrease with increasing temperature because the target atoms lose some of their orbital electrons.
We have estimated the temperature dependences shown by folding 4 together the contribution of the partial cross sections for charge exchange from each electronic orbital and the ionization fractions at a given temperature. For these partial cross sections we used the calculations described in the appendix, while the ionization fractions are from J. C. Raymond (private communication 197:). The results indicate that the cross sections are fairly constant up to a gas temperature of a few hundred thousand degrees, but fall off rapidly with increasing temperature. It should be noted that the temperature dependences shown in Figure 1 might require some modification since the partial cross sections were obtained for neutral targets. In subsequent calculations, however, we only use the cross section at low temperatures where the targets which are the major contributors to charge exchange are mostly neutral. This crosssection is shown as a function of energy by the dotted line in Figure 2 .
The cross-section for excitation of a hydrogen-like ion from the 1s to the 2p level is given by: Rates 1962) . Here Zm is the atomic number of the gas atom causing excitation, Ao 0 is the Bohr radius {.529 , and Z is the charge, in units of the electron charge, of the ion being excited. Also, m e and m are the electron and proton masses, respectively, E is the kinetic energy per nucleon of the projectile, and I H is the ionization potential of hydrogen (13.6 eV). The lower limit on the integral, tin , is given by
meIHE where 6E is the difference in energy between the two levels, and M is the reduced mass for the encounter.
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The ionization cross-section of iron ions in collisions with ambient neutral hydrogen were taken from Watson (1975) , but since he considered a gas consisting only of hydrogen, we have scaled his cross-sections to account for the effects of helium.
There are two contributions to these cross-sections: one in which the target atom is not itself excited, called the elastic part, and an inelastic part, which includes the sum over all possible excitations of the target (e.g. Rule 1977). For iron projectiles on hydrogen and I elium, each part contributes almost equally, but the elastic part scales as the target charge squared, while the inelastic part varies linearly with the target charge. Also we compared the calculations of Rule (1977) with the Watson (1975) cross-section for ionization of the hydrogen-like iron and found good agreement.
Since the energy required to ionize the iron projectiles is so large compared to the target ionization potentials, the ionizing collisions take place at very small impact parameters. Thus, electronic screening of the target nuclei is not very important, and these same results should apply to an ionized medium. In fact, Rule (1977) calculated the ionization cross-sections for both cases, and found differences of 4 10% for the energies under consideration.
b) Effective X-ray Production Cross Sections
The effective X-ray production cross-sections were obtained by folding the cross-sections for capture and excitation with the appropriate charge fractions:
where ac ( 2p) is the effective cross-section for X-ray production following the capture of an electron which cascades through the 2p to Is levels, a c (n) (2p or 2s) is the cross -section for the capture of an electron into the 2p or 2s level, either directly or following a cascade , by an ion which already has n electrons, Qexe is the X-ray production cross-section following excitation , and_aexc ( n) is the cross-section for excitation of an ion with n electrons. The cross sections ac (n) are obtained by multiplying the cross sections given in Table 1 by (Zeff/26)5, where Zeff is the bare charge corrected for electronic screening. The screening effect was taken from Burns (1964) for all the cross sections considered. The 2s term represents the magnetic dipole transition, which occurs more rapidly than two photon emission only in the triplet state of the helium -like ion.
On the average, this state is populated 3 times more often than the singlet state, giving rise to the factor 3/4. The fn are the charge fractions or the fractions of all ions with n electrons.
The charge fractions satisfy the equation:
where the subscript I refers to ionization, n H is the hydrogen density, v the projectile velocity, and dt is the time rate of energy loss. In a steady state situation and if the energy losses are slow 
For this equation to be valid, the time between collisions represented by terms on the right side of equation 4 should be much shorter than the energy loss time of the ions. Since the charge exchange collisions manifest themselves in X-ray production, we expect that this condition will be satisfied when the X-ray multiplicity, defined by
0 is much larger than unity. Here p is the gas mass density, ax -a c (2p)+ aexc + a c (2s) is the total 6.8 keV X-ray production crosssection from equation 3, dE/dx is the energy per amu lost per g cm-2 of matter traversed, and E is some energy at which the ions are essentially bare. In evaluating equation (6) we assume that the Fe ion is in charge equilibrium at all energies. The energy loss rate dE/dx in a neutral medium was taken from the tabulations of Barkas and Berger (1964) and Northcliffe and Schilling (1970) , for a gas composed of H and He with 8.5% He by number. The effective charge for the Fe ions was taken from Northcliffe and Schilling (1970) . The losses of fast ions in an ionized medium were calculated by using dE -_ 2ne4z2ne (Ln me 3V4) (7) dx mev ne2neh2
Ginsburg and Syrovatskii 1964), where a and m are the electron charge and mass, Ze the ion charge, v is the velocity of the ion, and ne is the electron density, taken equal to the hydrogen density. Table 2 shows the multiplicity of ... 6.8 keV X-rays as evaluated from equation (6) 
III. RESULTS
We have integrated the X-ray production cross-sections shown in Figure 2 over a variety of spectra of fast ions. The abundances of these ions were extrapolated from measurements at > 300 MeV/amu (e.g. Meyer, Ramaty, Webber, 1974) , H: He: C: N: 0: Fe -1: .1: 5.6x10 3 : 2.8x10 3 : 5.4x10 3 : 5x10 4 and taken to be independent of energy. The spectra used for all species are power laws in kinetic energy per amu with a low energy cutoff, E c :
where n(E) is the number density of ions per interval of kinetic energy/amu. We have also set n(E) equal to zero for E>300 MeV.
As mentioned above the gas abundances used were taker. from Cameron (1973) , with the exception of He (Brown and Lockman 1976) . They are given in Table 1 . Figure 4 shows the 6.8 keV line emissivity per H ato>r for an energy content of 1 eV cm 3 in fast ions from l to 300 MeV/am;r. In Figure 6 , we show ratios of y-ray to X-ray line emissivities, qy /q(6t8), calculated for the equilibrium case, for the two components of the carbon-line and the broad component of the iron y-ray line. In addition to the effects of direct excitation of carbon by hydrogen and helium, we have also included the contribu lt ion of spallation of nitrogen and oxygen to the excited carbon nucleus.. The X-ray production scales directly with the relative abundance of iron '^ _ 1! fast ions, but varies in a more complicated way with the relative abundances of heavy nuclei in the gas, primarily iron and oxygen.
On the other hand, the broad component of y-radiation scales with the relative abundance of fast C, N and 0 ions, and the narrow component scales with the gas abundances of these nuclei. Thus, the ratio of y-ray to X-ray yields depends somewhat on the relative abundances of medium and heavy nuclei. For example, by increasing the abundances of C and heavier nuclei. in both the gas and fast particles by a factor of 10, 1 the 4 . 44-MeV y-ray intensity also increases by a factor of 10, but the -6.8 keV X-rays increase by about a factor of 20, and hence q Y /q (6.8) decreases by a factor of 2. Figure 6 shows that there is less than an order of magnitude of variation of q /q(6.8) with spectrum, except for spectra which flatten at > 50 MeV/amu. The flatter spectra favor y-ray emission because the crass--sections for nuclear excitation drop off much more slowly at high energies than does the X-ray production cross-section. This trend is also reflected in the fact that lower spectral indices favor -V-ray emission. Since we have assumed a high energy cutoff at 300 MeV/amu, IV. APPLICATIONS TO THE GALACTIC CENTER, CEN A, AND CAS A
We now apply the results of the previous section to examine the consistency of the reported y-ray data from the galactic center region and the radio galaxy Centaurus A (Haynes et al. 1975 , Hall et al. 1976 ) with upper limits on the nonthermal 6.8 keV line from these sources (Kellogg et al. 1971 , R. Mushotzky, private communication 1977 . We also set limits on the flux of energetic particles in the supernova remnant Cassiopeia A by using upper limits on the broad X-ray line emission from this source (P. J. Serlemitsos, private communication).
Haynes et al (1975) have claimed to see a feature at around 4.6 MeV from the direction of the galactic center which they attributed to the 4.44 MeV line of 12C. The opening angle of the y-ray detector used was 13 0 (FWHM). From the observations of Kellogg et al. (1971) of the X-ray sources GCX at the galactic center, we take the measured flux of 1.1x10 2 photons cm 2s -1 in a 2.4 keV band centered at 6.8 keV as an upper limit on the intensity of the broad iron Ka line from GCX. Using this upper limit, we have set upper limits on both the broad and narrow y-ray lines produced by fast ions in GCX,
Under the most favorable conditions for y-ray production considered (s -1.2, Ec -100 MeV/amu, see Figure 6 ) the upper limits on the narrow and broad components are 3.2x10 5 and 3.3x10 4 photons cm-2a-1, respectively. Haynes et al.(1975) give an intensity of (9.5 +2.7)x10 4 photons cm -2 S-1 with a width of several hundred keV, so they could have -14-been observing the broad component. In this case, our upper limit is a factor of three below their observation. Since the opening angle of the y-ray detector is larger than the angle subtended by GCX, we examined data from the Goddard Cosmic X-Ray Spectroscopy Experiment on board OSO-8 (Pravdo et al. 1976 ) to obtain the X-ray flux from an area of 130 x130 centered on GCX. Here, the upper limit to a broad 6.8 keV feature is 2.4x10 2 photons cm 2s-1 , which implies upper limits of 7.4x,0 -4 and 7.3x10 5 photons cm 2s-1 to the broad and narrow y-ray components, respectively. Thus the observa*'nn of Haymes et al.(1975) , provided they indeed represent the bro. ' y-ray component and their source is larger than GCX, is not inconsistent with the upper limits set by the X-ray data. However, as we shall now discuss, the energy density in energetic particles required to account for the y-ray data under the constraints of the X-ray upper limits is much larger than the limits set by the distribution of gas perpendicular to the plane in the galactic center region.
The energy density in fast ions required to produce a ... 6.8 keV X-ray flux of 2.4x10 2 photons cm 2s -1 for s -1.2 and E = 100 MeV/amu is, from Figure 4 , 2x1O 11 /MH eV cm 3 , where MH is the mass of hydrogen in the source, in solar masses. Scoville, Solomon, and 3efferts (1974) and Mezger (1974) have estimated that the amount of gas in the nuclear region is some 10 7 to 10 8 M0 , and so, the above y-ray flux requires several keV cm 3 in fast ions. This energy density is 2 orders-of magnitut4 -larger than that required to maintain the z distribution of gas at the galactic center (Sanders and Wrixon 1973).
We could lower this energy density in a manner similar to that suggested by Lingenfelter and Ramaty (1976) . They proposed that the abundances of C and heavier nuclei relative to H in both the ambient gas and energetic particles could be larger than solar and cosmic ray abundances, and they assumed spectral parameters for the energetic particles which maximize the Y-ray line emission with respect to energy content (s ?s 3, E C y 15 MeV/amu), However, both these assumptions lower q Y /q(6.8). As can be seen from Figure 6 , for (s = 3, E c = 15 MeV/amu) qY /q(6.8) is lower by about an order of magnitude than for (s -1.2, E -100 MeV/amu). Furthermore, since q(6.8) depends on the relative abundances of the heavy nuclei in both the gas and the energetic particles, while q Y depends on these relative abundances in only one component, an increase of heavy nuclei abundances decreases q Y /q(6.8), Therefore, we conclude that it is difficult to lower subztantially the energy density required to produce the y-ray flux observed by Haymes et al. (1975) without leading to conflict with the X-ray data. The only exceptions could arise if the source region is hot so that the charge exchange and X-ray production are suppressed, or that it is opaque to the X-rays but not to the gamma rays.
We note, from Figure 5 , that to produce a 6.8 keV X-ray flux of 2.4x10 2 photons cm 2 sec. -1 , the energy deposited in a neutral gas by the energetic particles with spectrum s = 1.2 and E = 100 MeV is about 2x1042 erg/sec. This energy release is large, but still of the same order as the observed far infrared luminosity of the galactic center (Hoffman, Frederick, and Emery, 1971 ). The energy deposited in an ionized gas is larger by a factor of 5 than that in a neutral gas.
If,nonetheless, we use the spectral parameters s = 3 and In addition to the galactic center, y-radiation was also detected from Centaurus A (Hall et al., 1976) . They claimed a feature at 4.5 MeV, most likely less broad than ... 150 keV, at a confidence level of 3.3a, with a line flux of (9.9 +3.0)x10+4 photons cm 2 s 1. We examined the X--ray spectrum of Cen A around 6.8 keV (R. Mushot:-.:.y, private communication), and placed an upper limit of 8,1x10-3 phot..ns cm 2s-1 on the broad Fe Ka flux. Again, ^ using the most favorable spectrum for y-ray production, we obtained upper limits of 2.5x10 5 and 2.6x10 4 photons cm 2s-1 to the narrow and broad 4.44 MeV components, respectively. Thus, the upper limit on the narrow component is a factor of 40 below the observation.
Because of the quoted width of the .-4.5 MeV feature from Cen A, it is unlikely that this feature is the broad 4.44 MeV line.
Since supernovae or supernova remnants are candidates for sites of particle acceleration, we examined the spectrum of Cas A, a young supernova remnant. Because of a narrow thermal line at 6.7 keV (Pravdo et al. 1976) , we used for an upper limit on flux in a broad line the flux above continuum at 4.85 keV (P. J. Serlemitsos, private communication 1977) . This was fit to a gaussian centered at 6.8 keV 
V. CONCLUSIONS
Using detailed cross-sections for charge exchange, ionization, and excitation, we have calculated the production rate of Ka X-rays from subrelativistic iron ions. After assuming a set of abundances and energy spectra for these ions, we presented X-ray line production rates for both a given energy density and a given energy deposition rate of the energetic particles. Then, we compared these results with the rate of y-ray production from the first excited levels of 12C and 56 Fe. In section IV, these calculations were applied to the galactic center, Cen A, and Cas A. For the galactic center, the reported observation of the 4.44 MeV line (Haymes et al. 1975) are not inconsistent with upper limits on the broad 6.8 keV line.
However, this consistency with the X-ray data implies that the energy density in fast ions required to produce the observed gamma rays is several keV cm-3. In the case of Cen A, Hall et al. (1976) reported a feature at... 4.5 MeV with a width of <150 keV. The -18-intensity of this feature is a factor of 40 larger than the upper limit on a narrow 12 C line set by the X-ray data. We note, however, that the constraints on gamma-ray line intensities imposed by upper limits on broad 6.8 keV emission do not apply to sources that are either hotter than a million degrees or opaque to the 6.8 keV photonse Thus, the future detection either of nuclear -y-ray line emission or of a broad 6.8 keV X-ray line, or both, could give very valuable information on the existence of fast ions in the interstellar medium and on the physical conditions that lead to the production of these particles.
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APPENDIX BARE NUCLEI-MULTIELECTRON ATOMS CHARGE EXCHANGE
We have calculated the charge exchange cross section when a bare nucleus of charge +z 1 e captures an electron from a multielectron atom. The state of the electron within each atomic shell is specified by n 2 1 2j 2mj29 where n2 is the principal quantum number, 1 2 and j 2 are the orbital and total angular momenta quantum numbers of the electron, and mj 2 is the projection quantum number of j2.
After the capture the state of the electron is specified by n111m1, with n1 1 1ml having the familiar meanings.
At present there are no reliable methods for calculating the bare nuclei-multielectron atoms charge-exchange cross sections. Nikolaev (1967) found that an approximation applied to charge exchange originally by Oppenheimer (1928) and Brinkman and Kramers (1930) predicts more or less accurately the shape of the experimental cross section curve versus energy, but the calculated cross sections were larger by a factor of 2-4 than the experimental cross sections.
Nikolaev brings the OBK cross sections in rough agreement with the measurement by multiplying these cross sections by an empirical energy dependent factor. It has been shown (Omidvar et al 1976) that this semi-empirical method gives cross sections comparable in accuracy with those of more complicated but purely theoretical calculations"
Due to the complexity of other methods, especially when capture into the excited states are involved, here we have used the OBK approximation and have multiplied the cross sections by Nikolaev's empirical factor.,
In the present calculation the projectile is described as a -20-structureless charged particle. The target atom is described by a model in which each electron in a given shell is in a central 1.,3ulomb field with an effective charge given by the Hartree-Fock calculations (Froese Fischer 1966) , To account to some extent for the fact that the potential fields of the multielectron atoms are nonCoulombic, the measured, instead of the hydrogenic, ionization potentials have been used for the bound electrons. Thus each bound electron is specified by the three quantum numbers n2 1 2 J 2 , by the degenerate quantum number mJ2 , by the effective charge +z 2e, and by the ionization potential.
Such a model for the target atom has been used with success for the inner shell ionization of atoms by heavy charged particles (Merzbacher and Lewis 1958) . A similar model has been used for charge exchange by Nikolaev (1967) . The use of the experimental, instead of the hydrogenic, ionization potential makes the prior and post forms of the exchange amplitudes (Messiah 1966 ) different from each other.
Numerically we have found that for different n 2 1 2j 2 -# n l l l transitions, and different energies, sometimes the prior cross sections are larger, and sometimes the post. The two forms usually differ by about 25% from each other, and occasionally they differ by as much as 50%. In the present calculation we have used the average of the two forms. The discrepancy between the two forms can be taken as a measure of the accuracy of the calculation.
When the charge of the bare nucleus exceeds unity, the final products of the charge exchange reactions are charged particles. The final state wave function then should be given asympotically by a
Coulomb wave function, while in the present calculation a plane wave for the final state has been used. Bates and Boyd (1962) have shown,
however, that for projectile energies larger than 100 eV/amu the substitution of the plane wave for the Coulomb wave makes insignificant differences.
The charge exchange cross section has a strong dependence on the charge of the projectile, the effective charge of the target, and the projectile's energy, According to the Landau-Zener or adiabatic theory, valid for very low projectile-target relative velocities, the cross section increases with respect to the projectile's charge z 1 e as z (Olson and Salop 1976) . According to the OBK approximation, valid at high energies, this dependence is z15.
The dependence of the cross section on the effective charge of the target nucleus, z 2 e, is similarly strong at hi gh energies. For where a d (n1 , 11) is the cross section for direct capture of an electron into the (n I'll ) state, and B(n 1 ,11n,1) is the probability for radiative cascading of Fe +25 ( n1 , 11 ) into Fe +25 (n,l). The values of B (nl,ll,n,l) are obtained using a separate program.
The results for the formation of Fe+25 with the final states of 1s, 2p, 2s are given in Table 1 . The cross-sections are given in cm per hydrogen atom in the target gas, and are weighted with the abundance listed.
An interesting result that emerges from the present calculation, shown in Table 1 , is that of all elements considered, atomic hydrogen contribures least to the production of the Lyman a line despite its large abundance.
In particular, the contribution of 0 and Fe are substantially larger than other elements considered. The large contribution of elements other than atomic hydrogen is due to 2 factors. i) The strong target charge dependence of the electron capture cross section. For high projectile energy the cross section increases as the 5th power of the effective charge of the target electrons. ii) The cross section is the sum of contribution from all target atomic shells.
These results are q ualitatively similar to those obtained by Serlemitsos et al (1973) . However, our cross sections are lower than theirs, on the average by a factor of 3, due to the removal of of several approximations in the formula used by these authors. The most important of these approximations are: i) leaving unmodified the OppenheimerBrinkman-Kramers cross sections which overestimate the experimental cross sections by a factor of 2-4; ii) neglecting the screening effect of the inactive K-shell electron; iii) assuming the branching ratio of unity for cascading of the higher states of the captured electrons to the 2p state; iv) neglecting the fact that there are 2 K-shell electrons, which makes their cross sections too small by a factor of 2 for nonhydrogenic atoms; and v) neglecting contributions of all the target atomic shells other than the K-shell. The effect of the first three approximations is to increase, and the effect of the last two is to decrease their cross sections.
Similarly, Watson (1976) uses the unmodified OBK approximation and an atomic hydrogen target. And since the formula he uses accounts for 2 electrons in the K-shell, his cross sections are larger than ours by a factor of 2 in addition to the overestimation of the unmodified OBK approximation. He also uses a branching ratio of unity. The difference between the neutral and ionized cases is caused only by the different rates of energy losses for these two cases. Fig, 6 The ratios of y-ray line emissivity to the Fe X-ray line emissivity for the assumed spectra and abundances, for the broad and narrow carbon lines at 4.44 MeV and the broad iron line at 0.847 MeV.
Again these results are plotted as in fig. 4 . N 
